Hydrostatic balances between fresh and saline groundwater and saline surface water control the physical and chemical framework of subterranean estuaries, but they are responsive to high frequency (waves and tides), low frequency (seasonal recharge patterns), and episodic (storm) events. In this study, we document a salinity and pressure perturbation to the subterranean estuary in east-central Florida during and after the passage of Tropical Storm Tammy on 04 Oct 2005-05 Oct 2005 and Hurricane Wilma on 24 Oct 2005. These storms reversed hydraulic gradients, forced lagoon water into the aquifer, and shifted the outflow face landward. Salinity at 1.5 m and 2.5 m below a common datum converged on similar values intermediate between fresh and lagoon water salinities. The outflow face reestablished pre-storm conditions after 80 days at 15 m offshore, but more than 160 days at 30 m offshore, confirming that both the flow field and fluid sources control the position of the subterranean estuary. Episodic, high intensity events could influence the biogeochemical setting of the subterranean estuary and the overlying water body by altering redox conditions in the subterranean estuary during the landward migration of the dispersive mixing zone, increasing short-term discharge of potentially contaminated groundwater, and/or changing pore fluid residence time within the seepage face and along the mixing zone-seepage face front.
Fluid discharge from submarine aquifers and associated chemical loading to overlying surface-water bodies have been the focus of a great deal of research during the last decade. The discharging fluid, collectively referred to as submarine groundwater discharge (SGD), is composed of terrestrially recharged groundwater and recirculated seawater. Within the aquifer, these two chemically contrasting fluids mix to form what is often referred to as the ''subterranean estuary'' (Moore 1999) . A number of recent studies have investigated the role of the subterranean estuary on the biogeochemical cycling of metals, contaminants, and macro-and micro-nutrients (e.g., Simmons 1992; Krest et al. 2000; Cable et al. 2002) , thus providing the physical and chemical framework for these dynamic systems and their effects on chemical transport. Most studies are limited in temporal monitoring and many use synoptic data sets, such measurements result in an incomplete understanding of how subterranean systems respond to perturbations (e.g., seasonal recharge, human consumption, storms, etc.).
Only a few studies have documented how SGD varies with changes in forcing mechanisms. Michael et al. (2005) noted a distinct seasonal pattern in SGD reflecting recharge of the surficial aquifer and changes in the position of the subterranean estuary in Waquoit Bay, Massachusetts.
Extensive harmful algal blooms (HABs) in 2005 along the west-central Florida coast were blamed on the active 2004 Atlantic hurricane season, which dropped substantial rainfall on the peninsula (Hu et al. 2006) . These researchers hypothesized HABs were fed by large SGD-derived nitrogen fluxes driven to the coastal ocean by this precipitation and subsequent recharge. Along the North Carolina continental shelf, Moore and Wilson (2005) noted 1-2uC temperature oscillations 4 m below seafloor following the passage of Hurricanes Dennis and Floyd in 1999. These temperature anomalies were attributed to enhanced pore-water exchange between the permeable seafloor sediments and the ocean during the passage of large storm waves. Here we investigate perturbations to the subterranean estuary associated with the passage of tropical cyclones and quantify how the subterranean estuary responds to these episodic events both spatially and temporally.
Study site
We conducted our study in Indian River Lagoon, a micro-tidal, back-barrier lagoon located in east-central Florida (Fig. 1A) . Astronomical tides decrease away from inlets, where amplitudes are ,10 to 15 cm, but winds can generate large water levels across the entire lagoon. Tidal amplitudes in our field area are less than 2 cm, and nontidal sea level variations are less than 30 cm (Smith 1993) .
Hydrostratigraphy of the field site is associated with the Surficial aquifer because the Floridan aquifer is confined by the less conductive Hawthorne Group. The Surficial aquifer consists of interbedded and unconsolidated Plio-cene to Holocene coquinas, sands, and clayey-silts. The conductive regions of the aquifer, i.e., the sand and coquina portions, have hydraulic conductivities between 10 m d 21 and 127 m d 21 (Toth 1988) ; hydraulic conductivities of silty and clayey units are estimated to be 0.01-0.1 m d 21 (Pandit and El-Khazen 1990) . The shallow (,2.5 m), nearshore sediments that make up the upper portion of the Surficial aquifer have horizontal and vertical hydraulic conductivities that average 8.3 m d 21 and 0.20 m d 21 , respectively (Martin et al. 2007) .
Previous studies have shown that SGD may be an important component of the overall hydrologic budget of Indian River Lagoon Martin et al. 2004 Martin et al. , 2006 ; however, the significance is unclear because of large variations in discharge estimates and in sources of SGD (Martin et al. 2007 ). We consider here the concept of ''fair weather'' versus ''storm'' conditions in our examination of SGD and the subterranean estuary. We define ''fair weather'' as those conditions either averaged over an extended period of time (months to years) or based on data of limited temporal resolution. Pandit and El-Khazen (1990) used a finite element groundwater flow model to estimate specific discharge of terrestrially-sourced groundwater that averaged 0.23 cm d 21 along the length of the lagoon. Martin et al. (2004 Martin et al. ( , 2006 ) measured time-series of pore-water temperature and Cl 2 concentrations in the north-central lagoon and reported offshore SGD rates as high as 150 cm d 21 ; however, the fluid was determined to be recirculated lagoon water with no terrestrially-sourced groundwater. Nevertheless, both terrestrial groundwater and recirculated lagoon water are important to the formation and maintenance of subterranean estuaries. Along a pore-water transect 10 m north of our piezometer transect, Martin et al. (2007) used Cl 2 concentrations to map the subterranean estuary in fair weather conditions. A conceptual representation of the subterranean estuary during fair-weather conditions was derived from Martin et al.'s 2007 study (Fig. 2A) . Based on seepage meters, Cl 2 concentrations, and Glover's analytical hydrostatic model, they determined freshwater inputs were restricted to about 22 m offshore. Within this 22-m-wide zone, freshwater inputs decreased linearly with a net flux between 0.02 m 3 d 21 m 21 to 0.9 m 3 d 21 m 21 of shoreline. Farther offshore, little to no terrestrial groundwater input occurs and recirculated lagoon water and/or saline groundwater are the dominant sources of SGD (Martin et al. 2007 ). These variations in fair weather SGD rates can largely be attributed to the measurement technique and its ability to quantify the source of the fluid (i.e., terrestrial vs. marine SGD; e.g., Cable et al. 2004 east-central Florida and the Indian River Lagoon. Tropical Storm Tammy moved north in the Atlantic Ocean paralleling the Florida coast and slowly passed over our field site with an average and maximum wind velocity of 10 m s 21 and 18 m s 21 , respectively, on 04 and 05 Oct. During this time, the ocean side of the barrier island system experienced a 25-50 cm storm surge (Stewart 2006) , whereas the average and maximum increase in Eau Gallie River stage was 7 cm and 10 cm, respectively. Barometric setup in the lagoon and ocean would be of similar magnitude, whereas fetch limitation of the lagoon would prevent wind and wave setup comparable to the ocean (Fig. 1) Fig. 1C ). All offshore piezometers were installed manually using a fence-post driver and consisted of 3.8 cm outer diameter schedule 40 or 80 polyvinyl chloride (PVC) tubing coupled with 15-20 cm long, 2.54 mm slotted PVC screening. The onshore piezometer, of the same construction type as the offshore piezometers, was installed inside of 10.2 cm diameter PVC casing emplaced using a manual auger. Sensors were in contact with the upper 4-6 cm of screening. Piezometers were surveyed to a common (local) datum (average lagoon water level) on 10 Feb 2005; all head measurements are referenced to this datum. At 15 m and 30 m offshore, two piezometers, separated laterally by 0.3 m, were installed at depths of 1.5 m (EGNW-15s and -30s) and 2.5 m (EGNW15d and -30d) below the local datum. The piezometer at the shoreline (EGNW-0) and onshore (EGN-OS) were installed to a depth of 2.5 m and 2.25 m, respectively, below the local datum. All piezometers were installed with top of casing (TOC) approximately 1 m (range of 0.98 to 1.02 m) above the local datum and with a vent (1 mm wide, 1 cm long) approximately 2 cm below the TOC. The four offshore piezometers (EGNW-15s, EGNW-15d, EGNW30s, and EGNW-30d) were also equipped with conductivity probes. All measurements were recorded at 20-min intervals for the duration of the 8-month experiment. Absolute water pressure was corrected for barometric pressure to obtain groundwater pressure head; a constant aquifer barometric efficiency of 95% was used in the correction. Stage data from Eau Gallie River (USGS Sta. 02449007), located ,1 km north of the transect and 2.5 km upstream, was used as the best surrogate for lagoon water level. For reference, Eau Gallie River stage averaged 101.8 cm above National Geodetic Vertical Datum of 1929 (NVGD29) on 10 Feb 2005. We assume the difference between the Eau Gallie River stage and the NVGD29 datum on this date can be used to extrapolate changes in lagoon water level. Given the short distance between these sites, the likely error on this assumption is about 10%. Salinity and water density were computed from water pressure, conductivity, and temperature using SEAWATER 3.0 (Morgan 1994) . Pressure head was corrected for density variations and normalized to freshwater (0 salinity).
The salinity records obtained from the offshore piezometers are the main data sources of episodic turnover or flushing of the subterranean estuary. Although salinity could be affected by contamination of the piezometers by overtopping, several physical observations suggest lagoon water did not contaminate the piezometers. Each piezometer was sealed with water-tight PVC caps, and thus contamination would have to occur either as water leakage along the skin of the piezometer (i.e., negative skin effect) or through the vent located 2 cm below the top of the piezometer. A significant wave height of 20 cm was computed for Tropical Storm Tammy using the CERC (1984) shallow water wave prediction model and input values of 3,000 m, 1 m, and 10 m s 21 , for fetch, water depth, and average wind velocity, respectively. The increase in lagoon water level rise due to storm surge (10 cm) and waves (20 cm) would be insufficient to overtop the piezometer. During Hurricane Wilma, Eau Gallie River stage increased to a maximum of 55 cm but showed a strong correlation with precipitation, suggesting runoff and storm surge augmented the water levels. Thus, the lagoon water level likely increased ,55 cm during the storm. Using an average wind velocity of 25 m s 21 , and fetch and water depth from above, the predicted significant wave height is 40 cm, indicating lagoon water also would not have flowed into the piezometer during Hurricane Wilma.
Results
Spatial and temporal variations in head-Total head in the piezometers measured from Jul 2005 to Mar 2006 reflects Florida's sub-tropical wet and dry seasonal climate (Fig. 3A) . All piezometers exhibit elevated head from 24 Aug 2005 to 25 Nov 2005, coinciding with the end of the wet season and the fall hurricane season. Average densitycorrected, total hydraulic heads during this period for EGNW-15s, -15d, -30s, and -30d were 20.2 6 12.6, 28.4 6 12.7, 20.7 6 12.7, and 26.5 6 12.8 cm, respectively; heads in EGNW-OS and EGNW-0d averaged 65.4 6 9.9 and 39.7 6 9.9 cm, respectively (Table 1) . Eau Gallie River stage averaged 107.4 cm during the same period. Tropical cyclones during this period delivered 77 cm of precipitation to the region. The maximum head measurement in each piezometer coincides with the passage of Hurricane Wilma on 24 Oct 2005, followed by a long recession period terminating in late December. Total head observed from 10 Dec 2005 to 14 Mar 2006 was relatively constant. The onshore piezometric head averaged 32.2 6 7.6 cm above the local datum whereas EGNW-15s, -15d, -30s, and -30d averaged 11.4 6 6.7, 7.8 6 7.5, 13.4 6 7.2, and 9.2 6 7.2 cm below the local datum, respectively. Eau Gallie River stage averaged 100.7 cm above the NVGD29 datum. This period of low head coincides with the onset of the dry season in the region; total precipitation during this period was 7 cm. Based on long-term head averages, hydraulic gradients direct the flow of groundwater seaward and vertically upward along the piezometer transect during both wet and dry seasons.
Hourly resolved heads in the piezometers responded quickly to external forces such as the passage of frontal systems and/or tropical cyclones as indicated by precipitation and changes in river stage. Total head and river stage peaked on at least eight separate occasions during this period (Fig. 3A) . Two of the most notable changes in total head occurred during the passage of Tropical Storm Tammy (04-05 Oct 2005) and Hurricane Wilma (24 Oct 2005). During Tropical Storm Tammy, hydraulic heads in the onshore and shoreline piezometers increased 15 cm above the wet season average (Fig. 3B) , thus maintaining the offshore directed hydraulic gradient between these two piezometer. Heads observed in EGNW-15s, -15d, -30s, and -30d averaged 48.3 6 2.9, 48.2 6 2.8, 50.1 6 2.8, and 45.1 6 2.9 cm, respectively, suggesting a reversal in shallow to deep head gradients when compared to the long-term averages. Similarly, during Hurricane Wilma, heads in the onshore and shoreline piezometers increased on average 20 cm and a maximum of 25 cm above the wet season average. The uniform head increase suggests that the offshore-directed hydraulic gradient was maintained. During Hurricane Wilma, heads in the offshore piezometers demonstrated a similar reversal pattern as observed during Tropical Storm Tammy; the heads in EGNW-15s, -15d, -30s, and -30d averaged 52.7 6 3.5, 47.6 6 2.4, 54.6 6 3.6, and 49.1 6 2.5 cm, respectively. Reversals in the offshore head gradients indicate water percolated into the aquifer and flowed landward during both Tropical Storm Tammy and Hurricane Wilma.
Spatial and temporal variations in pore-water salinityDuring the period of storm-related head changes (early Aug to late Nov 2005), only two significant changes in salinity were observed at or below the deep piezometer (1.5 m below the local datum); they occurred during the passage of Tropical Storm Tammy and Hurricane Wilma (Fig. 4) . As Tropical Storm Tammy passed over the field site, the salinity in the shallow piezometer 30 m offshore decreased by 6 to 7, whereas the shallow and deep piezometers at 15 m offshore increased in salinity by 7 and 2.5, respectively (Fig. 4B) . The subsequent pore-water salinity recession back to pre-storm values was interrupted by the passage of Hurricane Wilma. Hurricane Wilma caused a similar perturbation in salinity, but more intense and deeper, in which all piezometer salinities converged to about 10 to 12 over a period of approximately 6 hours ( Fig. 4C) . Breakthrough of the salinity perturbation was observed first in the shallow piezometers; 3-6 hours later the salinity perturbation reached the deeper piezometer at 15 m offshore. This result suggests that the effective transport rate (advective and dispersive) of dissolved salts, not fluid, was on the order of 4-8 m d 21 .
Discussion
Seasonal submarine groundwater discharge and tropical cyclones-The long-term effect that tropical cyclones have on the magnitude of groundwater discharge can be examined with head measurements made at the inshore piezometer and using Glover's analytical solution to the seawater intrusion problem (Cheng and Ouazar 1999 ). Glover's solution to the seawater intrusion problem is solved assuming steady-state flow; the passage of tropical cyclones are highly transient in nature, therefore, we choose to present only seasonal variations in groundwater discharge and discuss the role tropical cyclones have on this seasonal pattern. Using Glover's assumptions, the total freshwater discharge from the outflow face (seepage face) is approximated by
where Q is total discharge per unit length of shoreline (m 3 d 21 m 21 ), h f is the difference (m) between the head in the piezometer and the lagoon water level, x is the horizontal distance of the piezometer from the shoreline, K9 is the effective hydraulic conductivity (1.3 m d 21 ), and r f (997 kg m 23 ) and r s (1015 kg m 23 ) are the density of the fresh and saline groundwater end-members, respectively. During the wet season, the fair-weather onshore head averaged 65.4 cm above the local datum and the lagoon water level (estimated from change in Eau Gallie River stage; (Martin et al. 2007) . Using the average dry season head of 32.2 cm and estimated lagoon water level change of 21.1 cm (Table 1) , computed total freshwater discharge is approximately 0.4 m 3 d 21 m 21 of shoreline. These discharge estimates suggest that fresh groundwater discharge from the Surficial aquifer varies by a factor 3.25 between the two seasons. These discharge variations are primarily controlled by precipitation and subsequently onshore recharge of the surficial aquifer. Based on the precipitation records (Fig. 3) , approximately 30% of the total (wet) seasonal precipitation occurred during the passage of Tropical Storm Tammy and Hurricane Wilma.
During the tropical cyclones, higher heads were observed in the onshore piezometer. Estimated values of h f during Tropical Storm Tammy and Hurricane Wilma were 72.5 cm and 63.8 cm, respectively (Table 1) , which, based on the Glover model, suggests that discharge increased during the storms. However, this seems unlikely given the offshore head reversals and the salinity perturbations. We interpret these higher heads in the onshore piezometer as representing the water-table response to higher lagoon water levels (analogous to tidal effects), the infiltration of lagoon water into the aquifer, and the displacement of the subterranean estuary landward. After the storms, the pressure gradients would relax and there would be a temporary increase in discharge of fresh groundwater and infiltrated lagoon water from the seepage face. Such effects have been observed in water-table aquifers at diurnal-and seasonal-scale (Mango et al. 2004; Michael et al. 2005 ) and thus are likely to occur at scales that are more episodic. Both the increase in precipitation during the tropical cyclones and the hypothesized water-table rebound would enhance groundwater discharge following the passage of tropical cyclones.
Mechanisms driving salinity perturbations-The observed salinity perturbations are in response to several complex and potentially interactive physical processes, including: (1) pumping of lagoon water into the sediments by waves and storm surge and (2) landward flow of saline groundwater due to barometric-and wind-setup in the lagoon and/or the ocean (Fig. 2B) . Given the complexity of the system, we attempt only to provide reasonable, qualitative assessments of processes that could have contributed to these salinity perturbations.
Locally, infiltration of seawater into the freshwater portion of the subterranean estuary can occur from waveand tide-induced pressure gradients in the nearshore and wave run-up or storm surging onto a sloping beach. As waves pass into shallow water, the wave orbitals interact with the seafloor, become oblong, and create pressure gradients between the surface and pore waters. Oscillating pressure gradients associated with waves have been shown experimentally to enhance pore water and solute exchange by advective (Shum 1992; Precht and Huettel 2003) and diffusive/dispersive mechanisms (Webster and Taylor 1992; Webster 2003) . The effective flushing depths for such processes depend on sea-bed morphology (e.g., ripples), sediment permeability, and wave characteristics (i.e., amplitude, frequency, and length). The role of advection, due solely to pressure gradients between the pore water and surface water, can be considered assuming a maximum water level of 0.9 m (i.e., significant wave height plus storm surge) and average hydraulic head observed in the shallow offshore piezometers (,0.5 m). The maximum Darcy (advective) flux into the aquifer would be 0.4 m d 21 , which is 1 to 1.3 orders of magnitude less than the effective transport rate suggested by the lag of salinity between the shallow and deep piezometer. As suggested above, the effective rate includes both advective and dispersive transport of dissolved salts; the estimate based on head gradients reflects only advective flux and ignores dispersion. It is reasonable to suggest that dispersion of the dissolved salts, along with the imposed advective flow, contributed to the salinity perturbations observed during the storms; however, it is unlikely that this is the sole process.
Wave run-up and tidal or storm surging are other local mechanisms capable of delivering saline water to the freshwater portion of the aquifer (Nielsen 1990; Hegge and Masselink 1991; Robinson et al. 2006) . The effects of wave run-up cannot be quantified with these data; however, the effects of tidal surging can be considered qualitatively. In a numerical experiment, Robinson et al. (2007) showed that tidal ranges of 1-2 m imposed on a beach face forced surface water into the aquifer and recirculated it 5-15 m below the sediment-water interface. This increase in sea level created a secondary mixing zone that occurred landward of the traditional dispersive mixing zone (Robinson et al. 2007 ). Unfortunately, Robinson et al. (2007) do not provide the time scale for establishing these secondary mixing zones. Our data does not reflect the development of a secondary mixing zone during the tropical cyclones. We hypothesize that a secondary mixing zone, extending to a depth ,1 m, was established before the observed salinity perturbations as smaller frontal systems and tropical cyclones passed near the region. It was during Tropical Storm Tammy and Hurricane Wilma (where lagoon water level rose between 0.2 m and 0.5 m plus wave-setup) that this secondary mixing zone expanded across the screening of the piezometers (e.g., Fig. 4 ), but the distribution of our piezometers does not provide sufficient data to refute or support this hypothesis.
Increases in lagoon water level create landward-directed pressure gradients between the aquifer and the lagoon, which drives saline groundwater landward (Cooper Jr. et al. 1964; Nielsen 1990; Urish and Mckenna 2004) . During tropical cyclones, sea level increases offshore as a result of barometric, wind, and wave setup; as water-table responds with an onshore head increase (as observed in EGNW-OS; Fig. 3B ). Urish and McKenna (2004) provide a conceptual model describing this phenomenon; they suggest that during flooding tide and at high tide, groundwater flow is directed onshore and surface water infiltrates the aquifer. This seawater intrusion shifts the saltwater-freshwater interface and dispersive mixing zone landward during the elevated tide (Fig. 3B ). Higher sea level also increases the rate of recirculation of seawater in the main dispersive mixing zone (Mango et al. 2004; Prieto and Destouni 2005; Robinson et al. 2006) . Our field data, showing both horizontal and vertical head reversals, suggest that the landward migration of, and the enhanced mixing along, the subterranean estuary played an important role in the salinity perturbations observed during the 2005 hurricane season. Increases in ocean sea level should invoke the same general response as increases in the lagoon water level and should also be important for episodic mixing of the subterranean estuary. In contrast with localized changes in lagoon water levels, ocean sea level rise imposes a hydraulic gradient averaged over a much larger area. As observed along the mainland shoreline of Indian River Lagoon, its effects to the subterranean estuary would be less significant than the local increase in lagoon water level. As a result, several mechanisms appear to influence episodic turnover of the subterranean estuary observed during the tropical cyclones without any one process dominating.
Response time of a subterranean estuary to storm effectsThe salinity perturbations permit us to assess the response time of subterranean estuaries as they return to pre-storm conditions. Based on the salinity response in the piezometers following Hurricane Wilma, the patterns are consistently different at 15 m and 30 m offshore. The piezometers 15 m offshore demonstrate an exponential decrease in salinity with respect to time, similar to the response of a river following a peak in stage height. The recession curve suggests advective and dispersive inputs of lower salinity water slowly replace the water proximal to the piezometer screen. The salinity in the deep (2.5 m) and shallow (1.5 m) piezometer 15 m offshore returns to prestorm conditions on a time scale of 80 and 130 days, respectively. The longer replacement time of the shallower groundwater reflects the vertical upward flow of lower salinity groundwater. Also, the difference between these replacement times (50 days) suggests groundwater inputs are on the order of 2 cm d 21 , similar to rates reported by Martin et al. (2007) . In contrast, the salinity in the piezometers located 30 m offshore shows a linear response to the perturbation with a 210-day projected recovery. In this area, fresh terrestrially derived groundwater reaches approximately 22 m offshore (Martin et al. 2007 ). Our results suggest a slow, more diffusive process controls changes in salinity beyond the seaward edge of the seepage face. Thus, the reestablishment of the ''fair-weather'' subterranean estuary strongly depends on the post-storm distribution of contaminated water masses (i.e., infiltrated lagoon water or landward migrated saline groundwater), the influx of fresh groundwater into this region of the aquifer (i.e., recharge dynamics), and the breakdown of the secondary mixing zone, if present.
Subterranean estuaries are noted as highly reactive zones within aquifers (Moore 1999) , representing sources of alkaline metals such as radium and barium (Moore 1996; Shaw et al. 1998 ) while acting as a sink for dissolved uranium, iron, manganese (Charette and Sholkovitz 2006) , and nitrate (Addy et al. 2005) . Chemical transformations, namely ion exchange and redox reactions, within the subterranean estuary are driven by contrasting geochemistry between the surface water, fresh groundwater, and saline groundwater. To date, published data of the (bio)-geochemical framework of these systems originate from a single or temporally restricted data sets, limiting our understanding of their dynamic nature. The episodic turnover of the subterranean estuary observed here would entail the infiltration of oxygen-rich seawater to depths much greater than during fair-weather conditions, greatly affecting the redox framework. An adjustment to the redox framework of the subterranean estuary could also affect the geochemistry of the overlying lagoon. With deeper penetration of oxygen into the sediments, metals and other constituents could be released by the dissolution of metal sulfides and/or by the oxidation of organic matter (metals absorbed to the organic matter). Likewise, the contamination of saline water in zones previously occupied by freshwater would tend to liberate those constituents or ions favorable for exchange with sodium or calcium; therefore providing a source of these constituents to the overlying lagoon. Thus, it is important to evaluate the context of the (bio)geochemical framework of these reactive subsurface estuaries at a variety of temporal scales.
Shallow mixing in a subterranean estuary is strongly influenced by episodic, high intensity events such as tropical storm systems. Other studies have documented coastal aquifer systems response to tides, waves, and seasonal forces; our data indicate these systems respond with time scales of 3-4 months to episodic perturbations such as hurricanes. The response time is dependent on the flow regime and source water entering the affected areas. In areas with advective freshwater inputs (in our case sampled from piezometers 15 m offshore), the response time is much shorter than areas where diffusive saltwater mixing controls the response (sampled at piezometers 30 m offshore). Furthermore, these time scale estimates are from different magnitude storms, Tropical Storm Tammy and Hurricane Wilma, in Oct 2005. Larger hurricanes may have greater effects that endure for longer periods of time. The replacement of pre-storm pore fluids, either by enhanced discharge along the seepage face or by increases in inland head, during these events could greatly influence the biogeochemical setting of the subterranean estuary as well as the overlying waterbody through enhanced redox conditions in the wider dispersive mixing zone, greater short-term discharge potential of groundwater contaminants, or changes in pore fluid residence time within the seepage face and along the mixing zone-seepage face front.
